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Abstract: The martensite-to-austenite reversion mechanisms under continuous heating and annealing
of metastable austenitic stainless steel subjected to cold swaging were studied. The reversion-
temperature-time diagram was constructed using high-resolution dilatometry. The diagram revealed
a sequence of martensitic and diffusional reversion and recrystallization. Martensitic and diffusional
reversion might be separated by using the heating rate of >10 ◦C/s. The reversion started via
the martensitic mechanism, and the diffusional mechanism developed during subsequent heating.
However, both mechanisms enhance simultaneously during continuous heating at slow heating rates
(<10 ◦C/s). At higher temperatures, recrystallization occurred. Post-mortem microstructure analysis
has allowed classifying the reverse annealing modes into low- (500–650 ◦C), medium- (~700 ◦C), and
high-temperature (~800 ◦C) regimes. During low-temperature annealing, the development of the
phase reversion, recovery, recrystallization, and carbide precipitation was characterized by both a
high amount of new austenite grains and restriction of their growth that resulted in the formation
of an ultrafine grain structure with an average grain size of 100–200 nm. Medium-temperature
annealing was associated with the formation of almost a fully recrystallized austenitic structure, but
the lamellar regions were still detected. Austenitic grain growth and dissolution of carbide particles
were enhanced during high-temperature annealing.
Keywords: metastable austenitic stainless steel; dilatometry; reversion; deformation-induced marten-
site; reverted austenite; recrystallization
1. Introduction
Metastable austenitic stainless (MAS) steels have a very attractive combination of
properties such as high ductility and impact toughness, excellent corrosion and oxidation
resistance, good weldability, and superior formability [1,2]. However, they exhibit low
yield strength that inhibits their application as a structural material. Increasing the yield
strength by the grain size refinement is considered to be the most promising pathway
to solve the problem [3,4]. It is possible to refine a MAS steel structure by severe plastic
deformation (SPD) at room temperature and below, using such technics as equal channel
angular pressing, rolling, high-pressure torsion, multiaxial forging, and swaging [5–10].
Besides mechanical twinning, substructure, and deformation band formation, deformation-
induced γ→α’ transformation occurs during SPD [11–14]. It was reported [13,14] that
austenite with face-centered cubic (FCC) lattice and deformation-induced martensite (DIM)
with body-centered tetragonal (BCT) lattice are related through the Kurdjumov-Sachs (K-S)
orientation relationship that is {111}γ
∣∣∣∣∣∣{110}α′ and 〈110〉γ∣∣∣∣∣∣〈111〉α′ . However, a decrease
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in the characteristics of ductility and toughness is often observed after SPD processing that
is caused by low strain hardening ability and soon strain localization upon loading [15,16].
Phase reversion annealing after SPD may result in favorable strength-ductility synergy
for materials [17–19] due to the formation of a heterogeneous austenite structure. In such a
structure, grains are believed to possess different stability under loading that is associated
with multi-stage transformation-induced plasticity (TRIP) and improved strain-hardening
ability. The processing leads to the development of the reversion of DIM to austenite that
may occur via martensitic or diffusional mechanisms [20–22]. The activation of a particular
mechanism depends on the chemical composition [22], stored deformation energy [23],
heating rate [24], soaking time, and annealing temperature [25,26]; both martensitic and
diffusional mechanisms might occur simultaneously [12]. In the case of the diffusional
mechanism, the reverse transformation start temperature (AS) rises with increasing the
heating rate but changing to martensitic mechanism is associated with stabilization of the
AS level [24]. During the martensitic reversion, the K-S orientation relationship between
DIM and reverted austenite is detected and accompanied by the “memory” effect [21,22,27].
The latest is associated with inhering the crystallographic orientation of a former austenite
grain due to apparent variant selection [28,29]. However, the diffusional reversion does
not allow maintaining a specific orientation relationship between reversed austenite and
initial DIM [22]. Furthermore, static recrystallization develops after the phase reversion at
high temperatures [30].
Up to date, it should be mentioned that some reversion-temperature-time diagrams
have been suggested which clearly describe dynamic the reverse transformation start and
finish temperatures [24,31] and schematically estimate the position of different transforma-
tion fields [20]. Permitting to analyze heating processes “in situ” and separate effects from
various transformations, modern approaches in high-resolution dilatometry [32–34] have
not still applied for a study of martensite-to-austenite reversion. Furthermore, the effect of
heating rate on competition martensitic and diffusional mechanisms has not been studied
completely. Moreover, there is not a common viewpoint about the sequence of those
mechanisms in MAS steels. According to [25], the martensitic shear reversion takes place at
lower temperatures that are associated with the formation of reverted austenite (RA) with
high crystal defect concentration inside and the K-S orientation relationship between RA
and DIM. The formation of defect-free grains occurs at higher temperatures that indicate
the reversion by the diffusional mechanism. In contrast, due to the higher driving force, the
diffusional reversion is believed to be at lower temperatures, but, at higher temperatures,
the martensitic mechanism of reversion might be activated when the driving force reaches
the appropriate value [35]. Thus, the present study aimed to discover the mechanisms and
effect of phase reverse annealing on the structure of metastable austenitic stainless steel
subjected to severe cold swaging.
2. Materials and Methods
2.1. As-Received and As-Processed Condition
The program material used in the current study was a commercial type 321 steel. The
chemical composition of the program material was presented in Table 1. To obtain the
fully austenitic structure with an average grain size of 10 µm (as-received condition) the
initial hot-forged bar with a diameter of 33 mm was annealed at 1050 ◦C for 1 h followed
by water quenching. A few large irregular-shaped primary titanium carbonitrides and
grains of δ-ferrite oriented along the rod axis were detected in the structure [10]. The
content of δ-ferrite did not exceed 2%. Then, the bar was subjected to cold swaging
at room temperature using a radial forging machine SXP-16 with four radially moving
hammers with the following mode: workpiece feeding rate 180 mm/min, stroke frequency
1000 blows per minute, workpiece rotation speed 25 rpm. Swaging was performed in five
steps: deformation from ø 33 to ø 29 mm, from ø 29 to ø 25 mm, from ø 25 to ø 20 mm, from
ø 20 to ø 14 mm and from ø 14 to ø 11.3 mm, which corresponded to ~20%, ~40%, ~60%,
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~80% and ~90% of strain, respectively. The true strain corresponding to the final step of
forging (as-processed condition) was 2.14.
Table 1. Chemical composition of the program material.
Chemical Elements C Cr Ni Mn Si Ti P S Fe
Concentration (% wt.) 0.07 18.75 9.20 1.12 0.39 0.59 0.019 0.005 basis
2.2. Continuous Heating and Phase Reversion Annealing of the As-Processed Program Steel
Continuous heating to 1000 ◦C was performed using a Linseis R.I.T.A. L78 quenching
dilatometer in helium (99.9999%) atmosphere at heating rates of 400, 90, 10, 0.6, and
0.15 ◦C/s. Cylindrical samples were cut along the axis of the as-processed rod from its
center and had a diameter of 3 mm and a height of 10 mm. During continuous heating,
the temperature of the sample was measured by a type K thermocouple that was welded
at the center of a generating line using electric resistant welding. Subsequent analysis of
dilatograms was conducted using the Fityk software (v. 0.9.8) [36]. Asymmetric Gaussian
curves were used for the approximation of the obtaining results. The corresponding
R-square values were 0.90–0.99.
Phase reverse annealing was carried out using a furnace at temperatures of 400, 500,
550, 600, 650, 700, 800, 900 ◦C with a soaking time of 2 h in a furnace and subsequent
air-cooling to room temperature.
2.3. Structure and Hardness Characterization
The microstructure of the program steel was examined by transmission electron
microscopy (TEM). TEM was performed using a JEOL JEM-2100 electron microscope with
an accelerating voltage of 200 kV. Flat templets with a thickness of 0.3 mm were cut in
the cross and longitudinal axial section from the bar by a Sodick AQ300L wire electrical
discharge machine. Then, the templets were performed double-sided thinning to 0.1 mm
thickness. Subsequent conventional twinjet electro-polishing of discs with 3 mm diameter
was carried out using TenuPol-5. The electrolyte consisted of 5% perchloric acid, 35%
butanol, and 60% methanol. The voltage and temperature of the polishing were 27 V and
−40 ◦C, respectively. The microstructural parameters were determined using the Olympus
Stream Motion software (v. 1.8) on bright- and dark-field TEM images. Then, the results
were statistically analyzed via averaging and calculation of the confidence interval with
the significance level of 5%.
X-ray diffraction analysis (XRD) was carried out using a Rigaku Ultima IV diffrac-
tometer and CuKα radiation. Scanning was conducted using the standard Bragg-Brentano
geometry in the 2θ interval of 40–100◦ with a step of 0.02◦.
The Vickers microhardness testing was carried out by a IT 5010 hardness tester
equipped with a diamond pyramid indenter with a base angle of 136◦. The measure-
ments were performed at the central part of the cross-section. The loading and soaking
times were 50 g and 10 s, respectively.
The content of the magnetic α-phase was also determined at the central part of the
cross-section using a FERRITSCOPE FMP30 eddy-current tester with the converter detector
FGAB1.3-Fe. Ten measurements were made and averaged. Then the calculation of the
confidence interval with the significance level of 5% was performed.
3. Results and Discussion
3.1. As-Received and As-Processed Microstructure
The structure evolution during cold swaging of the as-received program steel was
studied in details in the previous work [10]. Therefore, only brief information is shown
here. The effect of strain on the α-phase content (Vα, %) and hardness is presented
in Figure 1a. Obtaining by eddy-current testing, the α-phase content (Vα, %) included
δ-ferrite (~2%), which was inherited from the as-received condition, and deformation-
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induced α’-martensite (DIM). Cold swaging resulted in a continuous increase in the α-
phase volume fraction to 10% after 40% reduction and to 38% after 90% reduction. The
changes in the intensity of peaks corresponding to α and γ phases were also detected
on the XRD pattern (Figure 1b). Specifically, the intensity of the (110)α peak distinctly
increased after cold swaging. On the other hand, the (200)γ peak significantly decreased,
but the (220)γ and (311)γ reflections completely disappeared. Simultaneously, hardness
increased from 203 to 450 HV with increasing strain from 0 to 90%, respectively.
Figure 1. (a) Effect of cold strain on the α-phase content (Vα) and hardness and (b) XRD patterns of
the as-received and as-processed program steel.
TEM micrographs of the as-received and as-processed structure are presented in
Figure 2. The as-received structure consisted of austenite grains with annealing twins and
a few uniformly distributed dislocations inside (Figure 2a). In the transversal section of the
bar in the as-processed state, regions of austenite (Figure 2b and c) and DIM (Figure 2d)
possessed lamellar packet-like and nearly equiaxed shape. The transition from lamellar
to the equiaxed structure occurred at the latter stage (at the strain above 60%) of cold
swaging [10,37], but the transformation was not complete at the strain of 90% (Figure 2e).
Additional lattice defects introduced in the DIM-containing alloy during cold deformation
caused the transformation [26]. In the longitudinal section, the lamellar structure comprised
of austenite and martensite laths was observed (Figure 2f). The lamellae were oriented
along the bar axis; transversal dislocation boundaries were found inside. It should be noted
that twins were not detected because of the restriction effect [38,39].
3.2. High-Resolution Dilatometry during Continuous Heating
The results of dilatometric measurements at a heating rate of 400 ◦C/s for the as-
received and as-processed program steel are shown in Figure 3. Heating dilatometric data
for other heating rates (90, 10, 0.6, and 0.15 ◦C/s) are presented in Supplementary Materials.
For the as-received program steel, the inflections of the dilatogram (∆l-curve) were not
detected. The first derivative of the dilatogram (d(∆l)/dt-curve) also did not indicate any
phase transformations (Figure 3a). The thermal effect, which might be estimated as a
sharp inflection of difference (∆t) between the set value of temperature (Set value) and real
temperature of a specimen (t), was also absent (Figure 3b).
Meanwhile, the dilatogram of the as-processed program steel demonstrated the se-
quence of inflections that could be likely associated with the martensite-to-austenite rever-
sion (Figure 3c). Indeed, the well-defined thermal effect, associated with the martensite-to-
austenite reversion, was detected (Figure 3d). Hence, the reverse transformation start tem-
perature (AS) was measured both by dilatometric (~524 ◦C) and thermal effects (~526 ◦C).
The d(∆l)/dt-curve showed sharp inflection from the linear part, thereby AS might be esti-
mated as a launch point of the tangent line (Figure 3c). A similar analysis can be performed
for the thermal effect (Figure 3d). The average measured AS value was 525 ◦C. The finish
reversion temperature (AF) was estimated by a launch point of the tangent line to a linear
part of the curve after the detected inflections using the dilatometric effect (Figure 3c).
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Figure 2. TEM micrographs of the program steel in the (a–e) transversal and (f) longitudinal sections
the (a) as-received and (b–f) as-processed state: (a,b,d–f)—bright-field images; (c)—dark-field images
from (b) at the (202)γ reflection.
Figure 3. The results of dilatometric measurements at a heating rate of 400 ◦C/s of the as-received
(a,b) and as-processed program steel (c,d): (a,c)—dilatogram (∆l) and the first derivative (d(∆l)/dt);
(b,d)—set value of temperature (Set value), the real temperature of a specimen (t), the difference
between the set value of temperature and real temperature of a specimen (∆t).
Within the temperature range of the martensite-to-austenite reversion, the shape
of the d(∆l)/dt-curve was evidentially produced by the superposition of several peaks,
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presumably from the different processes (Figure 3c). The onset and end of each peak on
the d(∆l)/dt-curve corresponded to the temperatures of the start and finish of the process,
respectively; the peak area was related to the volume effect of the transformation [40];
and the maximum was associated with the highest rate of the process. Further, a fitting
procedure was used to separate these peaks from each other [34]. The analysis of the
d(∆l)/dt-curves revealed three distinctive peaks in the AS–AF range at all studied heating
rates; an example obtained at 400 ◦C/s is shown in Figure 4a. The first and second peaks
were oriented upward from the baseline and therefore were associated with an increase
in the length of the sample. These peaks were apparently direct effects of the different
stages of the reversion. According to [41], a similar anomalous linear expansion during the
martensite-to-austenite reversion was detected in the AISI 304 steel due to the effect of the
gamma fiber texture ({111}<110> and {111}<112>) in DIM. The downward orientation of
peak #3 from the baseline detected decreasing the sample length (Figure 4a). According
to [42], the resemble effect in the cold-deformed program steel earlier corresponded to the
development of recrystallization during continuous heating. It should be noted that all
three peaks under consideration were detected at all applied heating rates.
Figure 4. (a) The scheme of fitting the d(∆l)/dt-curve and (b) the reversion-temperature-time diagram
for the as-processed program steel. Notation: St1—first reversion stage; St2—second reversion stage;
RX—recrystallization.
After analysis of all heating dilatograms obtaining with various heating rates, the
reversion-temperature-time diagram for the as-processed program steel was constructed
(Figure 4b). Interestingly, the reverse transformation start temperature (AS) was ~530 ◦C
and did not depend on the heating rate. So, the start of the first reversion stage (St1) also
did not depend on the heating rate, but the finish of it increased with the rising of the
heating rate as well as the start and finish of the second reversion stage (St2) and the
temperature range of recrystallization (RX). A significant influence of the heating rate on
reversion mechanisms was reported earlier in Refs. [24,43]. So, at a heating rate less than
10 ◦C/s, the diffusional mechanism of the reversion was developed. Yet the martensitic
mechanism occurs at rapid heating with a rate of more than 40 ◦C/s. In the current study,
the heating with a rate higher than ~10 ◦C/s was associated with the development of both
reversion mechanisms separately. According to [20,24], the start and finish temperature
of the diffusional reversion dramatically depended on the heating rate, yet the ones of
martensitic shear reversion were irrespective of it. Thus, the first reversion stage (St1)
could be associated with the martensitic mechanism that developed in all ranges of heating
rates under study. Meanwhile, the second reversion stage (St2) was characterized by the
diffusional mechanism due to the sensitivity of its temperature range to the heating rate.
Thus, the approach suggested in the present work for analysis of the results of dilatometric
measurements permitted to reveal the temperature range of the different reversion stages
and construct a new reversion-temperature-time diagram for the commercial type 321 steel.
Metals 2021, 11, 599 7 of 13
3.3. Microstructural Evolution during Annealing
The dependence of the α-phase content and hardness on the annealing temperature
and the respective XRD patterns of the as-processed steel are presented in Figure 5. An-
nealing at 400 ◦C has not resulted in noticeable changes in the volume fraction of α-phase,
but hardness increased from 450 HV to 488 HV. On the one hand, it can be associated with
suppressing dislocation motion, caused by redistribution of carbon in solid solution due
to thermal activation. On the other hand, the equilibrium phase diagram constructed by
ThermoCalc predicted the precipitation of CrC and Ni3Ti particles at 400 ◦C, which might
also result in strengthening [25]. Yet any such particles were not found in the current study.
With increasing annealing temperature to 500 ◦C, hardness remained at the same level,
though the α-phase content decreased from 38% to 34%. It is well-known that the hard-
ness of DIM is somewhat lower than the hardness of surrounding austenite [44], so slight
decreasing the DIM volume fraction might be compensated by the possible structure refine-
ment. The latter can be associated with the start of the martensite-to-austenite reversion.
The subsequent increasing annealing temperature to 700 ◦C led to a significant decrease
in both α-phase content and hardness to 3% and 279 HV, respectively. Further increase
in annealing temperature to 900 ◦C was associated with decreasing the hardness value to
201 HV. The obtained hardness value was close to the hardness of the as-received condition
(Figure 1a), possibly, due to grain coarsening during soaking at elevated temperatures.
Figure 5. (a) Effect of annealing temperature on the α-phase content (Vα, %) and hardness (b) XRD
patterns of the as-processed program steel after annealing.
The XRD patterns revealed a gradual decrease in intensity of the DIM (α) peaks with
increasing annealing temperature from 500 to 700 ◦C (Figure 5b). Further increase in an-
nealing temperature resulted in noticeable changes in the DIM peaks intensity possibly due
to the completion of the reversion at lower temperatures. Meanwhile, the intensity of the
(200)γ reflection increased significantly in the temperature range of 700–900 ◦C. This finding
can be associated with recovery and recrystallization of reverted and retained austenite.
The TEM-structures of the program steel after annealing at different temperatures
are presented in Figure 6 andFigure 7. After annealing at 500–650 ◦C, microstructural
observations have revealed several processes: formation of dislocations walls within
both martensitic and austenitic lamellae (Figure 6a); lath-to-lath reversion within lamellar
regions (Figure 6b,c); the nucleation of the dislocation-free austenitic grains (Figure 6d); the
formation of austenite plates and equiaxed austenite grains within the equiaxed α’-grains
(Figure 6e); precipitation of chromium carbide particles (Cr23C6) (Figure 6f). Carbides
evidentially pinned the recrystallized grains growth.
Microstructural observations confirm that both martensitic and diffusional mecha-
nisms of the reversion were active during annealing at 500–650 ◦C. On the one hand,
austenite plates with several dislocations inside (Figure 6e), forming in the equiaxed
α’-grains from the boundary into the grain body, were produced via the martensitic
mechanism [26,45]. On the other hand, equiaxed dislocation-free austenite grains at the
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boundaries of α’-grains (Figure 6e) with the curved boundaries were the products of the
diffusional mechanism [46]. Simultaneous occurrence of both martensitic and diffusional
mechanisms also was reported earlier for cold-rolled AISI 304 steel [12]. Within lamellar
regions, the reversion mostly occurred via the martensitic mechanism that resulted in pre-
serving the lamellar structure (Figure 6b,c). However, a few austenitic grains within some
packets (Figure 6b) might be associated with the activation of the diffusional mechanism.
Annealing at 700 ◦C was characterized by almost complete phase reversion (Figure 5a) and
recrystallization of former fragmented regions (Figure 7a), but lamellar austenitic regions
were still observed (Figure 7b). At 800 ◦C, austenitic grain growth was enhanced, possibly
due to intensive dissolution of carbide particles were enhanced (Figure 7c).
Figure 6. TEM micrographs in the transversal section after annealing at (a) 500, (b–d) 550, (e) 600,





Figure 7. TEM micrographs in the transversal section after annealing at (a,b) 700 and (c) 800 ◦C.
The effect of annealing temperature on the transversal grain/subgrain size and dislo-
cation density is shown in Figure 8. After annealing at 500 ◦C, the grain size decreased in
comparison with the as-processed condition. Grain refinement was probably associated
with the fragmentation of lamellae by dislocation walls and new austenitic grains formation
via the reversion. An increase in the annealing temperature to 550 and 600 ◦C resulted in
some coarsening of the grain/subgrain size. Surprisingly, the grain size decreased after
annealing at 650 ◦C. This effect can be associated with both a large amount of reversion and
recrystallizing nuclei and the pinning effect of carbides that may also inhibit the reversion
and recrystallization rate and enhance the UFG/NG structure [26]. Remarkable structure
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coarsening took place after annealing at 700 ◦C and above (Figure 8) when α-phase almost
disappeared (Figure 5a). A decrease in dislocation density with increasing annealing tem-
perature was also detected (Figure 8) due to the development of recovery, recrystallization,
and diffusional reversion.
Figure 8. Effect of annealing temperature on the transversal grain/subgrain size (d) and the disloca-
tion density (ρd). The error bars on the plots denoted the confidence interval with the significance
level of 5%.
Based on the microstructural observations above, three different temperature ranges
of annealing treatment can be established: low- (500–650 ◦C), medium- (700 ◦C), and high-
temperature annealing (800 ◦C). The major features of different annealing modes obtained
by TEM-observations (Figures 2, 6 and 7) were presented in the scheme of the structure
evolution during annealing (Figure 9). During low-temperature annealing, simultaneous
development of the martensite-to-austenite reversion, recrystallization, and carbide precip-
itation resulted in the nucleation of new austenite grains and restriction of their growth.
As a result, an ultrafine-grained structure with an average grain size of 100–200 nm was
observed (Figure 8). The fine structure can be beneficial in terms of strength-ductility syn-
ergy [47]. Furthermore, such an annealing mode might be considered as a promising regime
for practical applications. The martensite-to-austenite reversion occurred by both marten-
sitic and diffusional mechanisms. Within lamellar regions, martensitic shear reversion
developed via lath-to-lath mechanism (Figure 6b,c), though austenitic plates also formed
within equiaxed martensitic grains (Figure 6e). Diffusional reversion was associated with
the formation of dislocation-free equiaxed austenitic grains wherever (Figure 6b,e). In the
current study, the heating rate during annealing was ~10 ◦C/s. It means that, according to
the reversion-temperature-time diagram proposed from dilatometry analysis (Figure 4b),
the onset of the reversion must happen via the martensitic mechanism. Diffusional rever-
sion and recrystallization likely developed during subsequent heating or soaking that also
resulted in slow decreasing dislocation density (Figure 8).
Medium-temperature annealing (Figure 9) produced the almost fully recrystallized
austenitic structure within regions with the equiaxed deformed structure (Figure 7a). Yet,
the lamellar unrecrystallized regions were still preserved (Figure 7b). Here, after com-
plete martensite-to-austenite reversion, the reverted austenite size might correspond to the
previous packet or block size (Figure 7b) that was observed elsewhere [20]. Interestingly,
the gradual development of recrystallization still occurs mainly in areas with an initial
equiaxed structure, while lamellar structure areas remain practically unaffected by recrys-
tallization. This can be associated with fewer dislocations accumulated within lamellar
regions resulting in the absence of transformation to the equiaxed structure. Meanwhile,
the average grain size exceeded 300 nm and dislocation density significantly decreased
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(Figure 8). According to [48], unrecrystallized austenite areas after post deformation anneal-
ing possessed relatively low Schmid factor based on austenite slip system {111}〈110〉 that
resulted in lower dislocation density and driving force for recrystallization. Because of the
different driving forces, large and fine grains would be obtained via recrystallization from
retained austenite and α’-martensite, respectively [48]. After high-temperature annealing,
obtaining of the equiaxed structure was detected (Figure 7c). Furthermore, the significant
growth of austenitic grains higher than 1 µm and the decrease in dislocation density were
obtained (Figure 8).
Figure 9. Scheme of the structure evolution during phase reversion annealing.
The received results will be useful for manufacturing stainless materials with good
strength-ductility synergy. As was shown above, it is possible to receive the ultrafine-
grained structure with an average grain size of 100–200 nm by the sequence of cold swaging
with a strain of 90% and subsequent low-temperature (500–650 ◦C) reverse annealing. In
this way, comprehensive testing of mechanical properties of the program steel after the
annealing modes might be considered as the further development of the current study.
4. Conclusions
The mechanisms of phase reversion and the effect of phase reversion annealing on
the structure of the commercial type 321 metastable austenitic stainless steel subjected to
cold swaging were studied. The following conclusions are the main results received in the
current work:
1. During continuous heating, three following processes were separated using high-
resolution dilatometry: martensitic shear reversion—first reversion stage; diffusional
reversion—second reversion stage; recrystallization.
2. The reversion-temperature-time diagram for the as-processed 321 MAS steel was
constructed. The reverse transformation start temperature (AS) was ~530 ◦C and did not
depend on the heating rate. So, the start of the first reversion stage did not also depend on
the heating rate, but the finish of the first reversion stage increased with the rising of the
heating rate as well as the onset and end of the second reversion stage and the temperature
range of recrystallization. The heating with a rate higher than ~10 ◦C/s was associated
with the development of both reversion mechanisms separately. Diffusional reversion
developed during subsequent heating or soaking. At slow heating rates (<10 ◦C/s), both
mechanisms might occur simultaneously during continuous heating.
3. Reverse annealing modes could be divided into low- (500–650 ◦C), medium-
(~700 ◦C), and high-temperature reverse annealing (~800 ◦C). Low-temperature annealing
was associated with an ultrafine grain structure with an average grain size of 100–200 nm
due to the development of the phase reversion, recovery, recrystallization, and carbide
precipitation. Medium-temperature annealing was characterized by the formation of al-
most a fully recrystallized austenitic structure, but the lamellar regions were still detected.
Austenitic grain growth and coagulation and dissolution of carbide particles were enhanced
during high-temperature annealing.
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4. The phase reversion occurred by both martensitic and diffusional mechanisms. The
enhancement of martensitic reversion within lamellar regions occurred via the lath-to-lath
mechanism, however austenitic plates also formed within equiaxed martensitic grains.
Diffusional reversion resulted in the formation of dislocation-free equiaxed austenitic
grains wherever. During applied annealing with a heating rate of ~10 ◦C/s, the onset
of the reversion developed through the martensitic mechanism due to the separation of
martensitic and diffusional reversion. Diffusional reversion developed during subsequent
heating or soaking.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/met11040599/s1, Figure S1: The results of dilatometric measurements at a heating rate of (a,b)
90, (c,d) 10, (e,f) 0.6, and (g,h) 0.15 ◦C/s of as-processed program steel: (a,c,e,g)—dilatogram (∆l)
and the first derivative (d(∆l)/dt); (b,d,f)—set value of temperature (Set value), the real temperature
of a specimen (t), the difference between the set value of temperature and real temperature of a
specimen (∆t).
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